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We have developed a diagnostic to measure the motional Stark effect ~MSE! on TEXTOR-94. This
diagnostic allows us to measure locally the strength and direction of the magnetic field.
Furthermore, the major radius of observation and the radial electric field are determined. Because
the MSE diagnostic on TEXTOR-94 employs the full spectral information, in addition to the
complete polarization, the measurements are independent from other experimental data. In this
article we present the first preliminary results of the MSE diagnostic on TEXTOR-94. © 1999
American Institute of Physics. @S0034-6748~99!55701-8#I. INTRODUCTION
To explain the confinement in tokamaks, knowledge of
the electromagnetic configuration is indispensable, but mea-
suring the internal electric and magnetic fields is not trivial.
Neutral beam spectroscopy has proven to be a successful
means to measure the direction of the magnetic field in to-
kamak plasmas.1–3 The fast beam atoms are subjected to the
motional Stark effect, which arises when these atoms cross
the magnetic field in the tokamak. On several machines this
effect is exploited to determine the direction of the magnetic
field. This is done using different methods such as dynamic
polarimetry1,2 in TFTR and DIII-D or incomplete static po-
larimetry on JET.3 Recently, it has been shown that a mo-
tional Stark effect diagnostic can also successfully measure
the radial electric field.4,5
We have built a motional Stark effect diagnostic on
TEXTOR-94. Our diagnostic uses complete static polarime-
try as suggested by Voslamber.6 The advantage of this tech-
nique is that the complete polarization ~i.e., the four indepen-
dent Stokes parameters! and all the spectral information are
available simultaneously. This diagnostic can determine lo-
cally the toroidal magnetic field, the poloidal magnetic field,
and the radial electric field. These values are determined
without using other measurements in the tokamak.
In the next section the motional Stark effect is explained
in more detail. In Secs. III and IV the experimental setup and
the first results are presented. Finally, these results are dis-
cussed in Sec. V.
II. MOTIONAL STARK EFFECT
The motional Stark effect arises from the electric field
that the atoms in the fast neutral beam feel. Moving at high
velocity in the magnetic field, the beam atoms are subjected
to a Lorentz electric field:1
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where vB is the beam velocity and B the magnetic field.
A second field that contributes to the Stark effect is the
radial electric field, which is necessary in a tokamak to bal-
ance the pressure gradient.4 However, this is a minor effect.
The electric field causes the Balmer a line of hydrogen
~at l5656.2 nm) to split into equidistant components. As
shown in Fig. 1 for each beam constituent there are 15 com-
ponents, 9 of which have an observable intensity. The outer
p components are polarized parallel to the electric field and
the inner components have s polarization in the plane per-
pendicular to the electric field. The polarization angle of the
p components gives the direction of the Lorentz electric field
and according to Eq. ~1! the direction of the magnetic field.
FIG. 1. Theoretical spectrum of the beam component of the Balmer a line.
Nine of the 15 peaks are visible. The central peaks are s polarized; the outer
peaks are p polarized. The input parameters are: magnetic field 2.25 T,
neutral beam acceleration voltage 46 kV, angle between line of sight and
toroidal direction 10°, angle between neutral beam and toroidal direction
20°, and magnetic pitch angle 6°. The full line represents a convolution of
Gaussians centered around the Stark peaks with an instrumental width.© 1999 American Institute of Physics
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proportional to the electric field strength and thus provides
@Eq. ~1!# the information about the magnitude of the mag-
netic field.
The main advantage of the motional Stark effect diag-
nostic compared to the HCN-laser polarimeter ~another com-
mon diagnostic to measure the magnetic field direction, ex-
ploiting the Faraday rotation of a laser beam! is the
localization of the measurements. The HCN-laser polarime-
ter performs line-integrated measurements and an Abel in-
version of the results is necessary to obtain local informa-
tion. Another advantage of our MSE polarimeter is that apart
from the complete polarization, we measure all the spectral
information. This allows simultaneous determination of the
toroidal magnetic field, the poloidal magnetic field, the major
radius, and thus the safety factor. Also the radial electric field
can be calculated. Furthermore, knowledge of the complete
polarization results in a self-calibration with respect to per-
turbations, such as a change of optical characteristics of in-
vessel components as shown by Voslamber.6
The Doppler shift due to the motion of the fast beam
atoms with respect to the stationary detector causes the beam
emission spectrum to be completely separated from the
plasma bulk spectrum. This Doppler shift depends on the
angle u between the line of sight and the neutral beam in the
observation volume:
DlD
l0
5
n
c
cos u , ~2!
with DlD , l0 , n, and c are the Doppler shift, the unshifted
wavelength of the Ha line, the beam velocity, and the speed
of light, respectively. The angle u and therefore the Doppler
shift are indicators of the position of the observation volume
in the plasma.
In normal plasma operation the radial electric field is
very small and the relation between the magnetic pitch angle
and the observed polarization angle is
1
tan gp
5tan g sin a1
cos a
tan V
. ~3!
The angles a, V, g, and gp are the angle between the line of
sight and the toroidal direction, the angle between the neutral
beam and the toroidal direction, the magnetic pitch angle,
and the measured polarization angle, respectively. This is
illustrated in Fig. 2. When large density gradients or rotation
velocities occur, a correction term has to be added4 as a
consequence of the radial electric field of the plasma:
1
tan gp
5tan g sin a1
cos a
tan V
1
cos a
sin V cos g eR . ~4!
The quantity eR is a normalized radial electric field, defined
as
eR5
ER
BnB
. ~5!
Two parameters ~g and eR) have to be determined, so
two polarization measurements have to be performed in each
position. Since a hydrogen neutral beam normally consists ofDownloaded 21 Dec 2006 to 134.94.122.39. Redistribution subject tthree energy constituents ~normally labeled as full, half, and
third energy components!; in principle, three such measure-
ments can be made on exactly the same position. On
TEXTOR-94 we chose to use the full and half energy com-
ponents of the spectrum emitted by the neutral beam atoms;
the third energy component is measured as well and could be
used to check the result.
Knowing the values of g and eR we are able to calculate
the magnitude of the magnetic field B from the spectral dis-
tance between two Stark peaks:
Dl5
3a0el0
2
2hc B
Asin2 V1~cos V sin g1eR!2. ~6!
The quantities a0 , e, and h are the Bohr radius, the electronic
charge, and Planck’s constant, respectively.
III. EXPERIMENTAL SETUP
TEXTOR-94 is a limiter tokamak with a circular cross
section, a major radius of 175 cm, and a minor radius of 46
cm. The central magnetic field is normally 2.25 T. The heat-
ing systems are two ICRH antennas each of 2 MW and two
neutral beam injectors each with a maximum accelerating
voltage of 55 kV and a maximum injected power of 1.8 MW.
The neutral beams are tangential, one co- and one counter-
directed, and can operate with hydrogen, deuterium,
helium-3, or helium-4.
The MSE diagnostic consists of a polarimeter and a
spectrometer. The polarimeter has been constructed accord-
ing to a scheme proposed by Voslamber.6 The purpose is to
perform four independent measurements in the same position
using different polarizations: polarization angles 0°, 45°, 90°,
and circular polarization. The desired polarizations are ac-
quired with two nonpolarizing plate beamsplitters, a polariz-
ing cube beamsplitter, a polarizing filter tilted 45°, and a
circular polarizer, arranged as in Fig. 3.7 The Stokes param-
eters, describing the full polarization of the emission, are
traced from these intensities by a linear transformation.
These measurements are done at four different positions in
the plasma, all on the low field side in the range R
5@190– 200# cm.
FIG. 2. Geometry of the observation volume of the motional Stark effect
diagnostic. The polarization plane is perpendicular to the line of sight. The
x axis lies in both the polarization plane and the toroidal–radial plane; the y
axis is coincident with the poloidal direction. The angle gp is the measured
polarization angle.o AIP license or copyright, see http://rsi.aip.org/rsi/copyright.jsp
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trow spectrometer by quartz fibers. The spectrometer, opti-
mized for the Balmer a line ~6561 Å!, has an f number of
f /4.5. The information recorded with the CCD camera can be
read with a temporal resolution of 50 ms.
IV. FIRST RESULTS
The MSE diagnostic on TEXTOR-94 can only operate
when the counter neutral beam injector is active. During
TEXTOR shot 77312 there was a 1.18 MW hydrogen beam
accelerated with 48.5 kV. A hydrogen beam has been chosen
over a deuterium beam, because for testing purposes the
larger Doppler shift was favorable. Other plasma parameters
are: line-averaged electron density 3.131019 m23, toroidal
magnetic field 2.23 T and plasma current 359 kA.
Figure 4 shows the spectra recorded with the MSE diag-
nostic on TEXTOR-94. The optics have separated the s and
p polarized Stark peaks as expected. Two spectra have a
lower intensity. This can be explained by the extra beam-
splitter and the absorption of the polarizing film. We observe
FIG. 3. Schema for the polarimeter construction. The emission is split into
two equal beams by a plate beamsplitter, one of which is split into horizon-
tal and vertical components by a cube beamsplitter. The other is split by the
same type of plate beamsplitter. A polarizing film creates polarization tilted
45° and a circular polarizing filter the circular polarization.
FIG. 4. Spectra recorded by the MSE diagnostic for TEXTOR-94 shot
77312, corresponding to channel 1. The polarizations are: horizontal, verti-
cal, at 45°, and circular.Downloaded 21 Dec 2006 to 134.94.122.39. Redistribution subject tthat the three beam components are well separated from the
bulk plasma emission. The beam components are also sepa-
rated from each other. Therefore, each of the beam compo-
nents can be used to find the magnetic field and when they
are coupled, a value of the radial electric field may be ob-
tained as well.
The major radius of the observation volume is deter-
mined using two different methods. During a TEXTOR
opening, an in situ measurement was done with an accuracy
of 1–4 cm. The spot size of the focus in the plasma is 1 cm.
The actual resolution however is somewhat larger, since the
view is not completely tangential for the lines of sight look-
ing towards the rather broad neutral beam @full width at half
maximum ~FWHM! of beam '20 cm#. The major radius is
also determined during each measurement, making use of the
Doppler shift. The statistical error during flat top state is
smaller than 1 cm. The major radius determined during shots
differs from the in situ measurement by less than 4%. The
measurements for the observation positions during the shot
will be used in the figures below, because in this latter
method the effect of the beam width is incorporated.
In a tokamak, the toroidal magnetic field is inversely
proportional to the major radius. Given the central toroidal
magnetic field, mentioned previously, this results in the full
line in Fig. 5. The measured points differ from this curve by
less than 5%. The explanation for this difference can be
found in a correction for the dispersion of the spectrometer
or in paramagnetic or diamagnetic effects. This will be fur-
ther investigated in the future.
The poloidal magnetic field is estimated theoretically by
using the following form for the current density:
j~r !5 j0F11qaS ra D
2G22. ~7!
The quantities j0 and qa are the central current density and
the safety factor at the edge of the plasma. The measured
poloidal magnetic fields are of the same order of magnitude
as those predicted by the theoretical curve ~Fig. 6!. Precise
FIG. 5. Toroidal magnetic field profile for TEXTOR-94 shot 77312. Chan-
nel 1 gives the point on the low field side, channel 4 on the high field side.
The position of the measured points is determined by the Doppler shift.o AIP license or copyright, see http://rsi.aip.org/rsi/copyright.jsp
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accurate calibration of the optical system. This calibration
can only be done during an opening of the machine because
the polarizing effect due to the reflection of the viewing port
must be accounted for.
An attempt has been made to measure the radial electric
field. The result was about 33104 V/m. This value is less
than 3% of the Lorentz electric field and thus a small pertur-
bation. The radial electric field, given by
Er5
1
Zieni
¹rpi2nPiBTi1nTiBPi , ~8!
can be estimated by the last term. A ~measured! central ro-
tation velocity of 100 km/s results in an estimated radial
electric field of 1 – 23104 V/m, which is of the same order
as the inferred electric field. A better agreement was not
anticipated because of the previously mentioned lack of cali-
bration and the relative smallness of this radial electric field
compared to the Lorentz field.
One of the more specific physical results was obtained in
FIG. 6. Poloidal magnetic field profile for TEXTOR-94 shot 77312.Downloaded 21 Dec 2006 to 134.94.122.39. Redistribution subject tthe TEXTOR-94 radiation improved ~RI! mode.8 The plasma
edge is cooled by injecting neon gas, which dissipates energy
by means of radiation. This results in an improved energy
confinement. A first qualitative result of the MSE diagnostic
is that the poloidal magnetic field rises in RI mode, showing
a peaking of the current profile. This was confirmed by the
results of the HCN-laser polarimeter.
V. DISCUSSION
We have built a motional Stark effect diagnostic on
TEXTOR-94. This diagnostic measures the complete polar-
ization of the spectral lines emitted by all three beam energy
components. Our diagnostic uses complete static polarime-
try.
First preliminary results show that the parameters R, BT ,
BP , and ER can be determined to the right order of magni-
tude. However, the determination of precise values for espe-
cially BP and ER was hampered by the lack of reliable cali-
bration factors. These calibration factors, necessary to trace
the Stokes parameters, can only be obtained by an in situ
calibration which will be performed in the near future. When
the diagnostic is calibrated, a comparison between MSE re-
sults, laser polarimetry data, and theories can be started and
the advantages of this diagnostic with respect to other meth-
ods can be tested.
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